With the use of scanning tunneling microscopy, it is shown that germanium atoms adsorbed on the (100) surface of silicon near room temperature form chainlike structures that are tilted from the substrate dimer bond direction and that consist of two-atom units arranged in adjoining substrate troughs. These units are distinctly different from surface dimers. They may provide the link missing in our understanding of the elementary processes in epitaxial film growth: the step between monomer adsorption and the initial formation of two-dimensional growth islands.
Because of its importance in microelectronics and its unique properties, the (100) surface of silicon has been extensively investigated. Driven by the capability of the scanning tunneling microscope (STM) to view this surface easily with atomic resolution, Si(100) in particular has been used as a model to understand the atomistic mechanisms of film growth (1). For both Si and Ge deposition, early stages of growth at low temperatures produce many stable adsorbed dimers (called ad-dimers), that is, two atoms that clearly remain bound to each other for extended times, as well as rows of many such addimers (called islands) (2, 3) . Following classical nucleation theory, in which growth occurs by the addition of atoms to a "critical nucleus" (4), it was postulated that Si or Ge monomers deposited on the Si(100) surface diffuse to form ad-dimers and that the ad-dimer is the stable nucleus from which all subsequent larger growth structures (such as the ad-dimer row islands) evolve by addition of further monomers (2). Intermediate structures ("diluted-dimer islands"), in which alternate addimers in ad-dimer row islands are missing (5) and in which the remaining ad-dimers are rotated (6) , are thought to arise from individual ad-dimers and to represent an early growth stage (5, 7) . Yet this evolution from single ad-dimer to any of the larger structures has not been observable, despite the intrinsic ability of the STM to do so. Hence, a critical element of understanding is missing: the atomistic pathway from the initial adsorbed monomers to the existence of stable ad-dimer row islands. The role of the ad-dimer as the essential element in this pathway has so far not been questioned. In this report, we describe high-resolution STM observations of structures formed during the initial growth of Ge on Si(100)(2 ϫ 1) near room temperature, in which the Ge atoms exist as two-atom units that are distinctly different electronically and structurally from any dimer in or on the surface. We show that they provide a physically reasonable link between monomer adsorption and diluted-dimer island formation. We suggest that, at least at low temperatures, ad-dimers are not part of the nucleation-growth pathway.
The experiments were performed on Si(100) with a high-quality 2 ϫ 1 surface and a defect density of Ͻ0.5%, in an STM outfitted with an evaporation source from * To whom correspondence should be addressed at lagally@engr.wisc.edu which Ge was deposited to coverages of typically ϳ0.01 monolayer (ML), while the substrate temperature was maintained below 330 K. These conditions produce chainlike structures on the surface (Fig.  1) , with three common features: (i) They form across the substrate dimer rows and are terminated by two adjacent dimers buckled in the same direction, (ii) they induce locally pinned c(2 ϫ 4) buckling in the substrate dimer rows, and (iii) they extend along a direction tilted 26.6°to that of the substrate dimer bond. Such structures have recently also been observed by others (8, 9) , but with a range of measurements insufficient to demonstrate their unique character.
Filled-state images are shown in Fig. 1 , A, B, and C. In corresponding empty-state images ( Fig. 1, D , E, and F), the chain structures appear as bright oval or round protrusions symmetrically located in the troughs between the substrate dimers. Such a symmetrical appearance implies that each building unit of the chain structure is formed from two atoms because monomer adsorption would result in an asymmetrical intensity in the trough (10) . Bias-dependence imaging of the surface ( Fig. 2 ) demonstrates additional properties of the chain units. The oval shape of each unit in the chain in the empty-state images (Figs. 2, B and C) changes noticeably with sample bias, but the longer axis (the axis of the two atoms in a chain unit) remains perpendicular to the substrate dimer rows, independent of bias.
We now demonstrate that the two atoms in each unit of the chain structure (hereafter referred to as adatom pairs) do not behave like ad-dimers. Ad-dimers are found in several configurations on the surface, individually on top of substrate dimer rows (circle in Fig. 1B ), in a diluted-dimer island (rectangles in Fig. 2 ), and as part of a three-atom cluster (arrows in Fig. 2 ). In all cases, they appear much brighter in filled-state images than do adatom pairs (compare ellipse in Fig. 2A ). Ad-dimers also do not show a clear change in brightness when the bias polarity is reversed. In contrast, the brightness of adatom pairs does change with bias reversal (Figs. 1  and 2 ). This dependence of the brightness on the bias polarity is similar to that of monomers adsorbed at the ends of dimer row islands (11) or the ends of diluteddimer islands (rectangle and arrow in Fig.  2 ). This brightness effect is especially noteworthy in comparisons of ad-dimers in diluted-dimer islands (rectangles, Fig.  2 ) and adatom pairs (ellipses, Fig. 2 ) because both are located in the troughs between substrate dimer rows and both have their axes perpendicular to the substrate dimer rows. In addition to this radical brightness effect, which distinguishes between ad-dimers and adatom pairs, differences are observed at positive sample bias in the behavior of an adatom pair (ellipses, Fig. 2 ) and an ad-dimer in a diluteddimer island (rectangles, Fig. 2 ). Their shapes differ at a given sample bias and vary differently with the bias (Fig. 2 , B and C). All these spectroscopic indications suggest an electronic structure for the adatom pairs that differs from the dimer bond in ad-dimers and implies a structural difference.
It might be argued that the faint appearance of the adatom pairs in filled-state images is caused by their position in the chain, but this is not so (Fig. 3) . The structure enclosed by the square in Fig. 3 consists of an ad-dimer (the bright protrusion) and a faint unit that behaves like an adatom pair. The shape of the latter varies with bias in the same fashion as the adatom pairs (ellipses, Fig. 2 ), whereas the shape of the former does not vary and its brightness remains high. The structure enclosed by circles in Fig. 3 consists of two identical ad-dimers: Neither changes shape or brightness with changing bias. Clearly, an adatom pair differs from an ad-dimer, even on structurally equivalent sites.
We propose a model for the adatom pair as follows. The global adsorption energy minimum for a Ge monomer on Si(100) is calculated to be at the "M" site, which is directly above a second-layer substrate atom (Fig. 4A) (10) . We suggest that adatoms adsorb on the two nearest opposing M sites of neighboring dimer rows (Fig. 4B) . The bias-polarity dependence of brightness, similar to that of monomers, implies that the two adatoms in an adatom pair have an electronic structure similar to that of monomers. The driving force pairing the monomers into the nearest opposing M sites can be understood in terms of strain-mediated substrate dimer buckling as a result of Ge adsorption. Recent theoretical results have shown that a single Ge atom adsorbed at an M site induces strong inphase buckling in the two substrate dimers nearest to the Ge adatom on the adjacent dimer row (Fig. 4A) (10) . This pinned buckling would effectively leave a "hollow" at the M site that lies between these lowered Si atoms [in-phase substrate dimer buckling is one of three common features observed for chain structures (Fig. 1)] . Ab initio calculations (12) for Si(100) show that the binding of a Si monomer at the "down" side of a buckled substrate dimer is stronger than that at the "up" side of the substrate dimer. We expect that this result can also be applied to Ge atom adsorption. Combining the above two arguments leads to an energetic advantage, after an M-site adsorption of Ge, for the subsequent Ge adsorption to occur on the directly opposite M site, producing the pairing tendency. Direct adatom-adatom interaction is not required, but it also cannot be completely excluded. It is possible that the two atoms are in a bound state somewhere between monomers paired only by a substrate strain-mediated interaction and an ordinary ad-dimer. Their similarity in behavior to monomers suggests that a direct interaction is weak. In any case, individual adatom pairs, larger chain structures, and mixed structures (squares, Fig. 3 ) remain stable at room temperature for at least 8 hours, suggesting a substantial kinetic barrier to keep the adatom pair from forming a regular ad-dimer.
We believe that this adatom pairing is the actual initial step in the formation of a growth structure. Formation of the extended chains may be rationalized as follows. An adatom pair (Fig. 4B) breaks bonds on the substrate dimers involved (13), creating four dangling bonds. These most reactive dangling bond sites provide a nucleation center for further attachment of adatoms. If one simply counts dangling bonds, the M sites on the axis of the initial adatom pair would seem to be the most favorable adsorption sites. However, because these dangling bonds are located at "up" sides of the two in-phase buckled substrate dimers, the binding of a monomer there could easily be weaker than at the M sites shifted one dimer along the dimer row. The second adatom pair then forms in the adjoining trough offset from the first pair. Obviously, the third pair has two choices relative to the second pair, resulting in either line-or zigzag-shaped chain structures, both of which we have observed.
Similar chain structures recently observed for Si on Si(100) (8) and Ge(100) (9) surfaces were interpreted (because of an insufficient range of bias-dependence measurements) as being constituted of addimers, that is, the same as in diluteddimer islands (5, 6) , implying that the chain structure is simply an alternative to the diluted-dimer island. It has been argued that the difference in brightness was related to the two arrangements (offset compared with in one line) of the addimers (8) . This interpretation begs the question of how monomers form growth islands and also cannot explain our biasdependence measurements. Our own experiments for Si on Si(100) confirm our picture, and from a careful analysis of the data we conclude that the same is true for Si on Ge(100) as well (14) .
Our results allow us to establish a logical link between the adsorption of monomers and the formation of growth structures. We suggest that the chain structures formed by adatom pairs are metastable intermediates in the formation of the diluted ad-dimer rows, with a higher free energy but lower kinetic barrier for formation. These chain structures have more dangling bonds and induce a larger area of substrate dimer buckling. Indeed, experiments done at higher substrate temperatures lead to a diminishing density of the chain structures and an increasing number of the diluted-dimer islands, showing that the latter are energetically favorable. In any case, the adatom pairs described here must form first. The third arriving adatom has two choices: (i) residing at one of the laterally displaced M sites, the process favoring the formation of the chain structures described here, or (ii) residing on the kinetically less favorable "in-line" M site that is between the "up" ends of the inphase buckled dimers, the process that would lead to the direct formation of diluted-dimer islands. For the first choice, a mechanism must exist for transforming chain structures into diluted-dimer islands. Although the pathway is not known, it must involve formation of addimers from adatom pairs and realignment from the canted chains to the diluteddimer islands. For Ge on Si(100), Si on Si(100), and Si on Ge(100), different amounts of lattice strain can affect the temperature dependence of the relative rates of these processes.
Our identification of adatoms paired across troughs between dimer rows as the initial stage (at temperatures at least as SCIENCE ⅐ VOL. 278 ⅐ 21 NOVEMBER 1997 ⅐ www.sciencemag.org high as 350 K) of dimer row island formation in Si(100) has intriguing consequences. Besides providing a logical pathway from adatom adsorption and diffusion to growth of islands, these chain structures and their prevalence suggest that the smallest and most obvious stable structure on the surface, the ad-dimer residing on top of the dimer rows, does not participate in a fundamental way in the growth of larger dimer row islands. If this is so, it will require reevaluation (at least on semiconductor surfaces) of the concept of a critical nucleus for growth and of the many rate equation models for diffusion and growth on this surface, which all require the size of a critical nucleus as input. We no longer appear to have, at these temperatures, a well-defined critical or stable nucleus because growth proceeds from long-lived metastable structures that may have a variety of sizes.
